This study investigated effects of aluminum powder in a melting experiment and ignition experiment using an electric furnace for microcrystalline wax fuel with 30 m aluminum powder added. Melting experiment results show that the melting time of the solid fuel decreases. Therefore, the aluminum powder promotes the phase change of WAX from solid to liquid near the surface of the solid fuel in the boundary layer combustion. Ignition experiment results show that adding aluminum powder reduced the time to ignition. By adding aluminum powder to microcrystalline wax, solid fuel ignites easily due to the ignition heat quantity per unit mass decreased. However, the aluminum powder was not ignited. Nevertheless, by adding aluminum powder to microcrystalline wax, the thermal conductivity increases, which promotes solid fuel melting and ignition.
Introduction
Generally speaking, a hybrid rocket engine uses liquid oxidizer and solid fuel. The hybrid rocket has characteristics of high safety and thrust adjustment. Because of these benefits, hybrid rockets are studied intensively and are anticipated for use as new generation rockets. 1) However, hybrid rockets have technical problems of low regression rates because the boundary layer combustion mechanism limits heat transfer from the flame to the solid fuel surface. Therefore, previous studies have particularly examined improvement of the regression rate. Furthermore, metal powders such as aluminum (Al) are expected to be the regression rate enhancers as heat sources.
2) The method of adding a high-energy material requires no structural change of engine. Therefore, Al powder is used with solid rockets. In addition, the heat of combustion is relatively higher than that of other high energy materials. Al powder can also be handled easily. The effect of adding Al powder to solid fuels has been investigated using nanoparticles. 3) In this study, microparticles are readily obtained, and we can use it as relatively safer additives. Generally, HTPB has been used as the solid fuel of hybrid rockets, but recently, liquefying fuel such as a paraffin wax and microcrystalline wax (WAX) with a high regression rate has been used for observation more than HTPB. We choose WAX as the solid fuel because it has higher mechanical property than paraffin wax. 4) In this study, to verify the effect of Al powder for the WAX fuel to which 30 μm of Al powder was added, melting experiments and ignition experiments were conducted using an electric furnace. Melting experiment is the model situations in which the solid fuel melts near the surface of solid fuel. An ignition experiment assumes ignition and combustion of the fuel in the boundary layer combustion. If melting and ignition are promoted by adding Al powder during boundary layer combustion, then it is expected that the distance between the flame and the solid fuel surface decreases, the heat flux of the flame increases, and the regression rate increases. Furthermore, if Al powder ignition can be achieved, then the flame temperature rises and the regression rate is expected to be improved.
Experiments

Experimental procedures
To simulate boundary layer combustion, an electric furnace was used to apply a constant amount of heat to the sample. To observe the Al powder effects, we produced solid fuel of four kinds made with WAX pure substance and Al powder added. First, we measured the specific heat of the produced solid fuel because it is the value necessary to obtain the solid fuel heat quantity. Next, we conducted a melting experiment, which assumes a situation in which the solid fuel melts near the surface of solid fuel. After measuring and comparing the time until the solid fuel is completely liquefied, we performed an ignition experiment. The ignition experiment assumes ignition and combustion of solid fuel by flame. We measured and compared the time until ignition. Additionally, we measured the temperature inside the electric furnace when ignited. Furthermore, we calculated the heat quantity per unit mass of the solid fuel and observed the Al powder before and after combustion using SEM to confirm the particle ignition.
Experiment samples
We used WAX (C 43 H 88 ) by Nippon Seiro Co., Ltd. And 30 μm average particle diameter Al powder from Japan Pure Chemical Co. Ltd. Property of WAX and Al powder are shown in Tables 1 and 2 . 
Manufacturing method Atomization
Four amounts of Al powder were added to WAX: 0, 10, 20, and 30 mass%, respectively designated as Al 0, Al 10, Al 20, and Al 30. The amount to be added was selected based on results calculated using NASA-CEA.
5) The calculation conditions are shown in Table 3 . First, results showed that the value of O/F reaching the largest I sp decreases with addition of more Al. Furthermore, it is expected that the adiabatic flame temperature rises and that the temperature inside the combustion chamber rises, which promotes solid fuel melting and evaporation. These values are shown in Figs. 1 and 2 . And also, adding Al powder to the solid fuel increase density specific impulse. The density was measured from the samples. The relationship between density specific impulse and O/F is shown in Fig. 3 . The density specific impulse of WAX with Al outweighs that of WAX in whole of region. This characteristic is suitable for volume limited rocket. 
Measurement of the specific heat
Because the specific heat value of WAX was unknown, the specific heat was measured using the adiabatic method using our handmade equipment. We also measured the value of specific heat of the WAX with Al powder.
We pour water into a thermally insulated container and put the warmed solid fuel there. Then, the heat quantity of water received is shown in Eq. (1) and the heat quantity of solid fuel released is shown in Eq. (2) .
Since Q w and Q f are equivalence, the specific heat of the fuel is as shown in Eq. (3).
We performed experiments three times using each solid fuel.
Melting experiment
We measured the time from start melting and liquefy completely using an electric furnace. In this study, we conducted experiments with each solid fuel three times under atmospheric pressure. The initial temperature inside the electric furnace was set to 120, 160, and 200 °C. The temperature was set to observe only the solid fuel melting. Then we put the solid fuel in the electric furnace at constant initial temperature and observed the solid fuel melting. We used electric furnace by Nitto Kagaku Co., Ltd. The specification of electric furnace is shown in Table 4 . A diagrammatical view of the experiment is portrayed in Fig. 5 . 
Ignition experiment
We conducted experiments three times with each solid fuel under atmospheric pressure using an electric furnace for the ignition experiment. We put the solid fuel in an electric furnace, measured the time until ignition, and recorded the temperature inside the electric furnace at ignition. The electric furnace temperature was set to 440 °C which is the temperature WAX ignite reliably. The experimental apparatus is the same as that used for the melting experiment (Fig. 5 ).
Results and Discussion
Measurement of the specific heat
Specific heat measurement results are exhibited in Fig. 6 ; average values are shown in Table 5 . The specific heat decreased by adding Al powder to the solid fuel. Because the specific heat of Al alone is less than that of WAX alone. The specific heat of the sample containing Al powder reflect the fact that the specific heat of Al powder is smaller than that of WAX. 
Melting experiment
The melting time measurement results are shown in Fig. 7 . In the figure using the least-squares method, the melting time was decreased by adding Al powder for temperatures inside the electric furnace of 120 °C and 160 °C. When the electric furnace internal temperature was 200 °C, no change was observed from the addition of Al powder. Under the experimental conditions applied this time, the melting time converged irrespective of the amount of the Al powder as the temperature inside the electric furnace increased. This result might derive from the small sample size. Because the melting time decreased when the temperature inside the electric furnace was 120 °C or 160 °C, it is considered that the Al powder promotes the phase change of WAX from solid to liquid near the surface of the solid fuel. The effect of Al powder like this result can be expected even if the hybrid rocket engine. 
Ignition experiment
Ignition time measurement results are shown in Fig. 8 , showing that the time to ignite the solid fuel decreased by adding Al powder. We infer that adding Al powder promotes the time until the solid fuel ignites. Then, we calculated the heat quantity using Eq. (4). Additionally, we determined the heat quantity per unit mass of solid fuel, as shown in Eq. (5) .
The values of the specific heat for calculating are shown in Table 5 . The temperature of the solid fuel when it ignited was assumed to be the temperature inside the electric furnace at ignition. The calculation result is shown in Fig. 9 . Average values of the respective samples are shown in Table 6 . The heat quantity per unit mass of solid fuel was decreased by adding Al powder. Additionally, it can be combusted at a low temperature, so we can infer that it was easy to ignite. Ignition of the Al powder was examined using SEM. Measurement condition of SEM are shown in Table 7 . The image of Al powder before and after combustion are shown in Fig. 10 . Results obtained from measurement of the mean particle diameter from images before and after combustion are shown in Table 8 . The particle major axis and minor axis were measured. The average particle size was taken as the mean particle diameter. Measurements were conducted ten times by changing samples before and after combustion. This result emphasizes that Al powder was melted because the Al powder particles were smaller after combustion. However, the particle ignition could not be confirmed. Furthermore, in this experiment, Al powder particles were not agglomerated. In solid rocket engines, agglomeration causes some difficulties. Therefore, because agglomeration was not observed in these experiments, we infer that such problems do not affect hybrid rockets. Table 8 . Mean particle diameter of the Al powder.
Mean particle diameter [m]
Before combustion 38
After combustion (Al 30) 28
Thermal conductivity
Enhancing thermal conductivity by adding Al powder is regarded as the reason for the shorter time until melting and time until ignition. The theoretical thermal conductivity can be calculated using Maxwell's equation.
6) The Maxwell's equation is shown in Eq. (6) . (6) where P is the volume fraction of WAX, K is the thermal conductivity ratio between WAX and Al, is the thermal conductivity of WAX which is measured by Hot Disk method. The calculated results are shown in Table 9 . The results suggest that adding Al powder increases the thermal conductivity to a higher level than that of WAX fuel alone. By adding Al powder, the temperature of solid fuel reached the melting point and the ignition point quickly. 
Conclusion
By adding Al powder to WAX, the heat quantity per unit mass decreases. The solid fuel ignites easily. However, the Al powder was not ignited. Nevertheless, by adding Al powder to WAX increases the thermal conductivity and thereby promotes solid fuel melting and ignition.
